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[57] ABSTRACT 

Apparatus and methods for making uniformly-sized and 
predictably-spaced droplets from high-temperature liquids. 
Liquid droplet generators having electromechanical driving 
elements are coupled to a power supply to apply pulsed 
excitation forces through a wall of a delivery tube to a 
high-temperature liquid, e.g., a liquid metal, epoxy, or 
polymer. The excitation forces generated by the driver 
induce capillary vibrations in the liquid within the delivery 
tube. Liquid jet streams having capillary vibrations when 
exiting an ori?ce break up into groups of substantially 
uniformly-sized liquid droplets shortly after leaving the 
ori?ce. Droplets may be produced in a uniformly-spaced 
series, or individually on demand in response to a single 
burst of force from the driving element. A heat source is also 
thermally coupled to the delivery tube to maintain the liquid 
in a high-temperature state. Embodiments using heat-sensi 
tive elements thermally insulate those elements from the 
wall of the heated delivery tube and may also actively cool 
the elements by one or more heat exchangers. A magneto 
hydrodynarnic embodiment couples a magnetic ?eld, having 
spaced points of maximum intensity, to a ?uid stream exiting 
an ori?ce, causing the stream to break into droplets in 
response to the periodic magnetic ?eld. 

42 Claims, 11 Drawing Sheets 
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HEAT-RESISTANT BROAD-BANDWIDTH 
LIQUID DROPLET GENERATORS 

BACKGROUND 

The invention relates to methods and apparatus to produce 
uniformly-sized liquid droplets, particularly for use in depo 
sition techniques using droplets of high-temperature liquids. 

Liquid expelled as a jet stream ?owing through a small 
(capillary) ori?ce under constant pressure tends to break up 
into droplets of non-uniform size and spacing. If ultrasonic 
vibrations of suitable frequency are induced in the liquid jet 
stream, pressure oscillations will propagate through the jet 
stream. Ampli?cation of capillary waves in the liquid jet 
stream will cause the size and spacing of droplets formed in 
the expelled jet stream to become more uniform. 

Vibrations may be induced in the liquid jet directly by 
tuning forks or other mechanical vibrators, or through forces 
induced by electromagnetic ?elds or piezoelectric driving 
elements that are coupled to the ?uid jet stream through the 
walls of a containment vessel. Systems in which movement 
of the liquid jet stream through the ori?ce and application of 
the vibration are substantially uninterrupted are said to 
operate in a continuous mode. 

Droplets may also be generated when a pressure pulse is 
applied to a static liquid in a vessel with one or more ori?ces. 
In such a system, no liquid ?ow occurs in the absence of a 
pressure pulse. However, when the liquid is subjected to a 
brief controlled pressure pulse, the resulting volumetric 
change in the ?uid causes pressure/velocity transients to 
occur in the ?uid. These transients in turn force a droplet of 
predictable size to issue from an ori?ce. Because a droplet 
is produced only when a pressure pulse is applied to the 
liquid, such a system is said to operate in a drop-on-demand 
mode. 

In certain manufacturing processes, it is desirable to 
produce metal drops of a known, and perhaps uniform, size. 
Liquid metal systems operating in a continuous or drop-on 
demand mode for droplet production have been described in 
US. Patents (e.g., U.S. Pat. Nos. 5,266,098 to Chun et al.; 
5,229,016 to Hayes et al.; 3,683,212 to Zoltan; 4,527,717 to 
Emoto et al.; and 4,828,886 to Hieber, the disclosures of all 
of are incorporated herein by reference). 

Droplet generators having magnetostrictive or piezoelec» 
tric driving elements (see Chun et al., Hiebet, and Zoltan) 
are generally limited to low melting-point metals and metal 
mixtures (70°—200° C.) in liquid metal applications because 
magnetostrictive or piezoelectric driving elements lose their 
responsive properties at temperatures greater than the Curie 
temperature of the material in question (about 350° C. for 
typical piezoelectric materials such as lead zirconium titan 
ate (PZT). Thus, droplet generators using piezoelectric or 
magnetostrictive driving elements have not been successful 
in systems using high-temperature solders or metals such as 
copper (melting point 1083° C.). 

Because droplet generators suitable for drop-on-demand 
or continuous service with high-temperature liquids have not 
been able to use piezoelectric driving elements, mechanical 
systems of valves or pistons have been favored instead. 
Mechanical generators can be made relatively heat tolerant; 
however, their mechanical linkages result in more limited 
frequency response than that obtainable with magnetostric 
tive or piezoelectric elements. Known high-temperature 
droplet generators operate at much lower frequencies and 
narrower bandwidths than those obtainable in low-tempera 
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2 
ture systems with piezoelectric driving elements. Thus, a 
need exists for broad-bandwidth droplet generators for use 
with high-temperature liquids. 

SUMMARY OF THE INVENTION 

The problems outlined above are addressed by the devices 
and methods of the present invention. Broadly stated, the 
present invention relates to heat-resistant, broad-bandwidth 
droplet generators comprising electrically excited electro 
mechanical, magnetostrictive, magnetohydrodynarnic and/ 
or piezoelectric driving elements suitable for use in either 
continuous or drop-on-demand modes with high-tempera 
ture liquids (such as molten metals). 
The present invention provides a method and apparatus 

for emitting individual spherical particles (droplets) of high 
temperature liquid from an ori?ce in a delivery tube of small 
diameter. For purposes of the present invention, “high 
temperature” is considered to represent temperatures above 
about 350° C. Of course, the method and apparatus of the 
present invention will produce droplets in a novel manner 
even with liquids of much lower temperatures, such as room 
temperature or less. It is preferred that the high-temperature 
liquid be maintained at its desired high operating tempera 
ture while within its delivery tube. In several preferred 
embodiments, a driving element applies a force to the 
delivery tube (“direct coupled”) in response to droplet 
generating instructions. In another preferred embodiment, a 
driving element acts directly on a liquid jet stream of a 
conductive material emitted from the delivery tube. 

For direct coupled embodiments, both continuous and 
drop-on-demand systems are provided. In a continuous jet 
system, a liquid jet stream preferably travels through the 
delivery tube from a pressurized source. The driving element 
provides pulsed forces to the delivery tube to induce a 
perturbation on the liquid jet stream travelling through the 
tube. Droplets are formed from the jet, which issues from the 
delivery tube through an exit ori?ce at a certain velocity. A 
stream of discrete droplets results, having a frequency 
corresponding to the frequency of the energy pulses on the 
delivery tube. 

For drop-on-demand jets, the high-temperature liquid is 
stationary in an optimized (tuned) ?uid chamber within the 
delivery tube. In response to droplet generating instructions, 
the driving element produces a single force on the delivery 
tube, large enough to cause a single liquid droplet are to be 
expelled from the exit ori?ce. It is preferred that the volume 
of the ?uid chamber be such as to optimally convert 
mechanical force and energy into velocity and kinetic energy 
of the ejected droplet. 

Droplets produced according to the present invention may 
be captured passively as balls, and travel toward pre-posi 
tioned targets or are directed thereto by in-?ight guidance 
forces (e.g., by electrostatic or electromagnetic ?elds alter 
ing droplet ?ight paths). 
Where high-temperature liquids are used, a heat source is 

preferably coupled to the liquid chamber or delivery tube to 
maintain the liquid in its heated state. A heat source for the 
tube may be one or more heaters coupled thereto or liquid 
within the tube or vessel which is heated by other means, 
such as by an inductive heater or resistively through other 
means. In addition, the droplet generator itself may be 
placed in a high-temperature environment, such as in a 
heated chamber. 

Application of high-temperature liquid droplets remotely 
in the form of droplets has the advantage that physical 
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contact with the surfaces to be wetted does not occur. This 
is of importance especially for heat sensitive areas and very 
small areas, as on a typical circuit board. Thus, it is desirable 
that the droplets be accurately positioned. By a suitable 
choice of the number of drops to be applied, it is possible to 
apply an accurately de?ned quantity of liquid (such as 
molten metal) to a surface. Thus, it is also desirable to 
produce liquid drops of a highly consistent volume, shape, 
and spacing. 
The present invention contemplates several embodiments 

of continuous-mode driving elements that induce vibrations 
in a ?uid jet stream in a delivery tube. The vibrations cause 
the jet stream to break up into uniformly-sized and uni 
formly-spaced droplets upon exiting an ori?ce coupled to 
the delivery tube. 
The present invention also contemplates several embodi~ 

ments of drivers for drop-on-demand droplet generators. 
These drivers receive a single burst of a suitable signal (e.g. 
current or voltage) and translate that burst into a force or 
pressure pulse that acts upon a tuned ?uid chamber to expel 
a certain quantity of liquid from an ori?ce coupled to the 
?uid chamber. In such embodiments, the tuned ?uid cham 
ber is preferably bounded at one end by the exit ori?ce, and 
at its other end by a ?ow-restricting ori?ce. The ?ow 
restricting ori?ce serves to prevent an excessive quantity of 
liquid from ?owing backwards away from the exit ori?ce. 
The ?ow-restricting ori?ce may comprise, for example, a 
nozzle having an opening much smaller than the internal 
diameter of the ?uid chamber, a one-way valve, or other 
suitable mechanism. 

In yet another embodiment, a driver is provided that does 
not act upon the ?uid delivery chamber, but instead provides 
a magnetic ?eld that acts directly upon the ejected liquid jet 
stream, wherein the liquid is a conductive material. The 
magnetic ?eld has regularly-spaced points of maximum ?eld 
intensity that induce the jet stream to break into droplets of 
a spacing that corresponds to the spacing between the 
maximum ?eld-intensity points. 
Driving Elements 

According to one aspect of the present invention, elec 
tromechanical driving elements in droplet generators of the 
present invention induce vibrations in the ?uid jet stream by 
employing forces on a delivery tube in one of several 
manners: (1) between electric currents maintained or 
induced on suitable mechanical structures; (2) between 
currents and suitable magnetic materials, which form part of 
the mechanical structure; and (3) based on magnetostriction 
or piezoelectric e?ects acting on the wall of the delivery tube 
(compressing the tube). 

According to another aspect of the present invention, 
magnetohydrodynarnic effects may also be employed on an 
electrically conductive liquid (metal) after it exits the deliv 
ery tube. Magnetohydrodynarnic effects require the appli 
cation of magnetic ?elds to directly act upon the conductive 
liquid. The variations in the magnetic ?eld will cause a 
perturbation on the liquid jet stream, causing the jet stream 
to break up into droplets of a spacing that corresponds to the 
spacing between points of maximum ?eld intensity. 
A liquid droplet generator according to one broad aspect 

of the present invention thus comprises a delivery tube 
having a wall and an exit ori?ce, an electromechanical, 
magnetostrictive, or piezoelectric driver element coupled to 
the wall for vibrating said tube, a power supply coupled to 
the driver, and a heat source for heating said delivery tube. 
The heat source may be coupled to the delivery tube and 
substantially surround the delivery tube. A temperature 
controller may also be provided to control the heat source. 
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4 
Alternatively, the heat source may comprise a heated cham 
ber adapted to receive the droplet generator. The internal 
diameter of the exit ori?ce is preferably smaller than the 
internal diameter of the delivery tube. 

According to a preferred method of generating liquid 
droplets according to the present invention, the power sup 
ply provides pulsed power to the driver at a frequency 
corresponding to a desired spacing between droplets gener 
ated by the droplet‘ generator. A liquid is delivered to a liquid 
droplet generator having an electromechanical driver ele 
ment coupled to the delivery tube. The driver element is 
electrically excited by the power supply to act upon the wall 
of the delivery tube, resulting in a series of pressure pulses 
that cause liquid droplets to form from the jet issuing from 
the ori?ce. Alternatively, according to another preferred 
embodiment, the power supply provides a single pulse of 
power on demand, forcing a single droplet to issue from the 
delivery tube in response to that pulse. To prevent an 
excessive quantity of liquid travelling away from the exit 
ori?ce in response to the pulse, the drop-on-demand droplet 
generator preferably also comprises a ?ow-restricting ori?ce 
disposed within the delivery tube de?ning a tuned ?uid 
chamber in the tube bounded by the ?ow-restricting ori?ce 
at a ?rst end and by the exit ori?ce at a second end. 

According to one preferred embodiment of the present 
invention, the electromechanical driver element comprises 
current windings circumferentially surrounding the tube and 
acoustically coupled thereto. The current windings are also 
coupled to the power supply. Electrical insulation is dis 
posed between adjacent current windings. The windings are 
disposed so that a current travelling through a ?rst winding 
will be of opposite polarity to a current travelling through an 
adjacent winding. A force retaining ring is also provided that 
substantially surrounds the current windings and translates 
the opposing current forces to pressure pulses that act on the 
delivery tube. 

According to a preferred method of the present invention, 
a pulsed current is supplied to the current windings, which 
generates opposing current forces surrounding the delivery 
tube, thus acting upon the wall of the delivery tube in 
response to the opposing current forces. In response to the 
forces, a perturbation is induced in the liquid in the delivery 
tube. The physics of the jet ampli?es the perturbations, 
causing the jet to break into droplets after exiting the 
delivery tube through the ori?ce. 

According to yet another preferred embodiment of the 
present invention, the electromechanical driver element 
comprises an electromagnetic ?eld generator substantially 
surrounding the delivery tube, and an armature circumfer 
entially coupled to the delivery tube. The electromagnetic 
?eld generator comprises an electromagnetic coil having 
current windings coupled to the power supply. The armature 
preferably comprises soft magnetic material, such as steel. 
According to one aspect of the present invention, the arma~ 
ture comprises symmetrically spaced tabs. According to an 
alternative aspect of the present invention, the armature 
comprises a notched ring, with the notches being symmetri 
cally spaced. Other suitable con?gurations of the armature 
will be apparent to those of skill in the art. 

In a preferred method according to the present invention, 
pulsed current is supplied to the current windings of an 
electromagnetic coil, generating a pulsed magnetic ?eld 
substantially and symmetrically surrounding the delivery 
tube in response to the pulsed current. A portion of the wall 
of the delivery tube is alternately expanded and contracted 
radially in response to the pulsed magnetic ?eld forces, 
acting upon the liquid in the delivery tube in response to the 
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expansion and contraction, and inducing a perturbation on 
the liquid in the delivery tube in response to the forces. 
Amplifying the waveform causes the liquid to break into 
droplets upon exiting the ori?ce. 
A dimension-changing means such as a magnetostrictive 

element may be part of the driving element, whereby the 
magnetostrictive element is acoustically coupled to the wall 
and thermally insulated from the wall. The magnetostrictive 
element is excited by a magnetic ?eld through application of 
pulsed current. The magnetostrictive element changes 
dimension (alternately expands and contracts) in response to 
the pulsed ?eld, thus acting upon the liquid in the delivery 
tube in response to the expansion and contraction forces. 
These forces in turn will induce a perturbation on the liquid 
in the delivery tube in response to the vibrations. The 
physics of the jet amplify the perturbations, causing the jet 
to break into droplets after exiting the delivery tube through 
the ori?ce. 

For applications involving high-temperature liquids, it is 
preferred that the magnetostrictive element be insulated 
from the delivery tube and cooled. Thus, according to yet 
another preferred embodiment of the present invention, the 
electromechanical driver element comprises an insulator 
coupled to the delivery tube and circumferentially surround 
ing the tube over a portion of the length of the tube. The 
insulator preferably comprises an acoustically conductive, 
thermally insulating material. The driver also comprises a 
?rst conductor substantially surrounding the insulator and 
coupled thereto and also coupled to the power supply. A 
magnetostrictive element is coupled to said ?rst conductor, 
and a force retaining ring of electrically conductive material 
substantially surrounds the magnetostrictive element and is 
coupled thereto and is also coupled to the power supply. 
To prevent the magnetostrictive element from becoming 

overheated in response to high-temperature liquids moving 
through the delivery tube, cooling means are disposed to 
draw heat away from said ?rst conductor and said force 
retaining ring. The cooling means may comprise a thermal 
electric tap ring coupled to the ?rst conductor and the force 
retaining ring, and a heat conduit coupled to the tap ring. 
Heat may be extracted longitudinally from the thermal 
electric tap ring to one or more suitable heat sinks via the 
heat conduit. Suitable conductors include copper, silver, 
platinum, and various alloys. Heat sinks may be accom 
plished by traditional methods known to those of skill in the 
art, including convective ?uids, heat pipes, evaporative heat 
transfer, and thermal electric refrigeration. 

According to another aspect of the present invention, a 
dimension-changing means such as a piezoelectric crystal is 
used to generate the droplet-generating vibrations. A power 
supply provides pulsed voltage to conductors surrounding 
the piezoelectric crystal. This voltage pulse is transmitted 
through the conductors to the piezoelectric crystal, which 
changes its dimensions (e.g., contracts or expands) in 
response. This force is coupled through an acoustical con 
ductor to the ?uid delivery tube. This in turn results in a 
perturbation on the ?uid jet stream in the delivery tube, 
causing the jet stream to break into uniformly-sized and 
uniformly-spaced droplets shortly after exiting the ori?ce. 
A piezoelectric driver may also be used in a drop-on 

demand droplet generator, whereby a single voltage pulse 
causes a single force or pressure pulse to be transmitted from 
the piezoelectric crystal to a tuned ?uid chamber. A certain 
quantity of liquid will thus be expelled from the ?uid 
chamber. 

It is preferred that the piezoelectric crystal be cooled in a 
manner as described above for a magnetostrictive element. 
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6 
According to yet another preferred embodiment of the 

present invention, the liquid droplet generator comprises a 
delivery tube having a wall and an exit ori?ce, wherein the 
delivery tube is adapted to transmit a pressurized liquid jet 
stream of conductive material through the exit ori?ce. An 
electromagnetic driver element is disposed to receive the 
liquid jet stream from the exit ori?ce. The driver element in 
turn comprises a magnetic ?eld yoke having arms corre 
sponding to points of maximum magnetic ?eld intensity, and 
current windings disposed about a portion of the magnetic 
?eld yoke. A power supply is coupled to the current wind 
ings of the driver element. To maintain the contents of the 
delivery tube in a heated state, a heat source is also provided 
for heating the delivery tube in the manner described above. 

In yet another preferred method according to the present 
invention, droplets of a conductive liquid are generated by 
delivering liquid under pressure to a liquid droplet generator, 
wherein the driver acts directly on the liquid expelled from 
the delivery tube. Current is supplied to the driver element 
which generates a magnetic ?eld having spaced points of 
maximum ?eld intensity. The liquid jet stream is propelled 
from the delivery tube and through this magnetic ?eld. The 
magnetic ?eld acts upon the emitted jet stream of conductive 
liquid, generating a disturbance in the jet stream that causes 
the jet stream to break up into a series of droplets in response 
to the magnetic ?eld, the droplets having a spacing corre 
sponding to the spacing of the points of maximum ?eld 
intensity. 

In short, the present invention provides novel apparatus 
and methods for making uniformly-sized and predictably 
spaced droplets from high-temperature liquids. In several 
preferred embodiments, the liquid droplet generators have 
electromechanical driving elements coupled to a power 
supply to apply excitation forces through a wall of a delivery 
tube to a high-temperature liquid, e.g., a liquid metal. The 
excitation forces (pressure pulses) generated by the driver 
induce capillary vibrations in the liquid issuing from the 
ori?ce. In response to those capillary vibrations, the liquid 
jet stream breaks up into substantially uniformly-sized liquid 
droplets shortly after leaving an ori?ce in the delivery tube. 
Droplets may be produced in a uniformly-spaced series, or 
in single droplets on demand in response to a single burst of 
pressure from the driving element. Alternatively, droplets 
may be generated from a jet stream of a conductive material 
by applying directly to the stream a periodic magnetic ?eld 
having spaced points of maximum intensity. 
Droplet Generating System 

In a liquid-droplet generation system according to the 
present invention, a high-temperature liquid (such as liquid 
metal, solder, various polymers, epoxies, etc.) is supplied 
from a supply tank through a pump, which in turn pumps the 
liquid to a delivery tube. According to a preferred embodi 
ment of the present invention, the delivery pump is gas 
pressured. Suitable delivery tube materials include alumi 
num, stainless steel, molybdenum, graphite, tantalum, and 
ceramic. Stainless steel and molybdenum are preferred 
delivery-tube wall materials according to the present inven 
tion. To keep the liquid in a heated or melted state, a heater 
is coupled to the delivery tube. A temperature controller may 
be provided to regulate the temperature of the heater. 
A driver acts to create droplets from the high-temperature 

liquid, either continuously or on demand, in one of several 
manners described above. A power supply provides neces 
sary power to the driver, either in pulses at a frequency 
selected according to the spacing desired between droplets 
or in single bursts on demand. For precise placement on a 
target (such as a circuit board), the droplets may be selec 
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tively charged by a charge electrode in response to, for 
example, a CAD/CAM input. Selectively charged droplets 
are then passed through a voltage ?eld, which causes selec 
tive de?ection of the droplets to a desired position on a 
target. 
Sequential and Simultaneous Force Applications 

Electromechanical driving elements of the present inven— 
tion have characteristic frequency responses and force capa 
bilities. Two or more driving elements of the same or 
different type may be arranged to be activated sequentially 
or simultaneously to produce desired force pro?les in con 
tained liquids. 

In addition, feedback control may be employed in pre 
ferred embodiments to alter the timing and force pro?les of 
an individual driving element, or of all driving elements 
acting on a liquid sequentially or simultaneously. 
The advantages of the present invention will be further 

appreciated from the drawings and from the detailed 
description provided below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The herein described advantages and features of the 
present invention, as well as others which will become 
apparent, are attained and can be understood in more detail 

I by reference to the following description and appended 
drawings, which form a part of this speci?cation. 

It is to be noted, however, that the appended drawings 
illustrate only exemplary embodiments of the invention and 
are therefore not to be considered limiting of its scope, for 
the invention may admit to other equally effective embodi 
ments. 

FIG. 1 is a schematic representation of a continuous-type 
droplet generation system according to the present inven 
tion. 

FIG. 2 is a schematic representation of a drop-on-demand 
droplet generation system according to the present inven 
tion. 

FIG. 3 is a schematic representation of a continuous, 
electromechanical droplet generator using current-to-current 
excitation means according to the present invention. 

FIG. 3A is a cross-section along plane 3A~—3A of FIG. 3. 
FIG. 4 is a schematic representation of a drop-on-demand 

electromechanical droplet generator using current-to-current 
excitation according to the present invention. 

FIG. 4A is a cross-section along plane 4A—4A of FIG. 4. 
FIG. 5 is a schematic representation of a continuous, 

electromechanical direct-coupled droplet generator using 
current-to-magnetic-material excitation according to the 
present invention. 

FIG. 5A is a cross~sectional view of an armature having 
symmetrically spaced tabs. 

FIG. 5B is a cross-sectional view of an armature having 
symmetrically spaced notches. 

FIG. 6 is a schematic representation of a drop-on-demand 
electromechanical direct-coupled droplet generator using 
current-to-magnetic-material excitation according to the 
present invention. 

FIG. 7 is a schematic representation of a continuous, 
thermally-cooled droplet generator using magnetostriction 
excitation according to the present invention. 

FIG. 8 is a schematic representation of a drop-on-demand 
thermally-cooled droplet generator using magnetostriction 
excitation according to the present invention. 
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8 
FIG. 9 is a schematic representation of a continuous 

droplet generator using magnetohydrodynamic excitation 
according to the present invention. 

FIG. 10 is a schematic representation of a thermally 
cooled, continuous droplet generator using piezoelectric 
excitation according to the present invention. 

FIG. 11 is a schematic representation of a thermally 
cooled, drop-on-demand droplet generator using piezoelec~ 
tric excitation according to the present invention. 

DETAILED DESCRIPTION OF TEE 
PREFERRED EMBODIMENTS 

Turning now to the ?gures, FIG. 1 is a schematic repre 
sentation of a continuous droplet generation system accord 
ing to the present invention. A liquid (such as liquid metal, 
solder, epoxy, etc.) is supplied from supply 10 through 
conduit 11 to pump 12, which in turn pumps the liquid 
through conduit 13 to delivery tube 14. Pump 12 may be 
gas-pressured to deliver the liquid to delivery tube 14 and 
through the tube to ori?ce 22. A suitable gas to be used with 
a gas-pressured pump is clean, dry nitrogen under a pressure 
of about 100 psi. Argon is another exemplary gas. Suitable 
delivery tube materials include aluminum, stainless steel, 
molybdenum, tantalum, graphite, and ceramics. Stainless 
steel and molybdenum are preferred delivery tube materials 
according to the present invention based on their cost, 
compatibility with high temperatures, and machinability. 

For use with high-temperature liquids, it is preferred that 
the system include heater 18 thermally coupled to delivery 
tube 14 to keep the liquid in a heated state (or melted state, 
for metals and solders). Temperature controller 20 may be 
used to regulate the temperature of heater 18, which is 
shown in FIG. 1 as substantially surrounding delivery tube 
14. Other arrangements for heater 18 will be apparent to 
those of skill in the art, such as infrared heaters, induction 
heaters, ovens, etc. In some embodiments, as depicted in 
subsequent ?gures, it is preferred that driving element 16 be 
isolated from heater 18. 

Driver 16 acts upon delivery tube 14 to excite the liquid 
jet stream travelling through delivery tube 14 and induce a 
waveform thereon, thus causing the liquid jet stream, upon 
exiting delivery tube through ori?ce 22, to break into a series 
of liquid droplets 26. Power supply 17 supplies necessary 
power to driver 16 in pulses at a frequency selected accord 
ing to the spacing desired between droplets 26. 
The exact size of the droplets is a function of the liquid jet 

diameter (d), the liquid jet velocity (V), and the frequency of 
the imposed vibrations (i). The diameter D of the droplets is 
determined primarily from the diameter of the exit ori?ce 
(d), but also is a function of the jet velocity. 

3 MW 
D: 2f 

For precise placement on a target (such as circuit board 
38), the droplets 26 may be selectively charged by charge 
electrode 24. CAD/CAM input 36 provides, for example, 
character data 34 that is fed to charge driver 32. Charge 
driver 32, in turn, is coupled to charge electrode 24 to 
selectively charge drops from droplet stream 26. The 
charged droplet stream is then passed between high voltage 
plate 28 and grounded plate 29. The voltage ?eld causes 
selective de?ection of the droplets. Uncharged droplets are 
caught by catcher 30, whereas charged droplets are depos 
ited in appropriate locations on circuit board 38. Altema~ 
tively, where static charge build-up can damage sensitive 

(1) 



5,560,543 

devices, charged droplets may be caught by catcher 30, with 
the uncharged droplets allowed to proceed to the target. 
Droplets 26 may be used, for example, to attach circuit 
components 40 to circuit board 38. 
The droplet generating system of the present invention 

may also function in a drop-on-demand mode, as illustrated 
in FIG. 2. A liquid is supplied from supply tank 10, which 
is preferably gas-pressured. The liquid remains stationary in 
delivery tube 14 in the absence of an external force. Power 
supply 17 may be pulsed in response to, for example, 
CAD/CAM data 36. In response to each pulse, driver 16 
provides a force that acts upon the liquid in delivery tube 14 
to deliver a single droplet of liquid through ori?ce 22. 
CAD/CAM data is shown in FIG. 2 as generating data pulse 
train 27. Droplets 26 correspond to that data pulse train. 
These droplets are then applied to a target, such as circuit 
board 38, where they may be used, for example, to solder 
circuit components 40 to circuit board 38. The target itself 
may be selectively moved so that each droplet will land on 
the appropriate area. 

Several preferred embodiments of drivers 16 for droplet 
generators according to the present invention are discussed 
below. ‘ 

Current-to-Current Excitation Continuous Mode 
Droplet generator 100 of FIG. 3 comprises delivery tube 

14 with heat source 18 preferably positioned and operated to 
maintain the contents of tube 14 in a heated (liquid) state. 
Heater 18 is shown in FIG. 3 as surrounding delivery tube 
14 and driver 16. Heater 18 may comprise, for example, 3A" 
heat tape such as that produced by Conrad Industries of 
Columbus Ohio, which is powered by a 120 V power supply, 
not shown. Heater 18 may be coupled to temperature con 
troller 20. Alternatively, droplet generator 100 may be 
placed in a heated chamber, which will obviate the need for 
separate heater 18. 
Tube 14 terminates in an ori?ce 22 through which liquid 

contents of tube 14 may be forced to emerge in droplet form. 
Tube 14 is preferably made of non-wettable metal, such as 
316 stainless steel. Ori?ce 22 may comprise, for example, a 
jewelled (sapphire, ruby, etc.) ori?ce such as that manufac 
tured by Byrd Precision, Waltham, Mass. The internal diam 
eter of tube 14 is preferably greater than the internal diam 
eter of ori?ce 22. This facilitates the delivery of the ?uid to 
the ori?ce. 

Driver 16 in the embodiment depicted in cross-section in 
FIG. 3 operates on current-to-current excitation principles, 
and is detailed in FIG. 3A, which is a cross-section of driver 
16 along plane 3A—3A. As shown in FIG. 3A, pulsed 
current (I) from a current source (power supply 17) enters 
conductive strip 44 as indicated. The current then traverses 
through conductive strip 44 and exits as shown. Conductive 
strip 44 may be any conductive material that can withstand 
high temperatures, such as copper or platinum foil. Sand 
wiched in between windings of conductive strip 44 is 
insulating material 45. A suitable insulating material is 
ceramic woven tape such as that produced by Cotronics 
Corp., Brooklyn, NY. 
Power supply 17 supplies pulsed current to strip 44, 

preferably in the range of several hundred to over 1,000 
amps at very low voltage, i.e., less than 1 volt. Because strip 
44 is wound back upon itself, opposing, pulsed current 
forces are generated that tend to cause the windings of the 
strip to repel against each other. These opposing forces are 
contained by force retention member 46, which is an acous 
tically-tuned, force retaining ring that may be comprised of 
stainless steel, for example. This results in acoustic waves, 
which are echoed as pressure pulses back toward the center 
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10 
of delivery tube 14, where the pulses in turn cause the 
pressure and velocity of the liquid jet stream in delivery tube 
14 to vary. This variance generates capillary waves on the 
liquid jet stream, which ultimately cause the jet stream to 
break into regularly-sized and regularly-spaced’ droplets 
upon exiting ori?ce 22. The spacing of the droplets may be 
predicted accurately from the frequency of the pulsed cur 
rent source." The size of the droplets may also be predicted 
accurately if the velocity of the liquid jet stream and the 
internal diameter of ori?ce 22 is known in addition to the 
frequency of the pulsed current source. (See Eq. 1.) 
Drop~on~Demand Mode 

FIG. 4 is a schematic representation of a drop-on-demand 
electromechanical droplet generator using current-to-current 
excitation according to the present invention. Droplet gen 
erator 200 operates on the same basic principles as described 
for droplet generator 100 of FIG. 3. However, single droplets 
are produced on demand instead of a continuous stream of 
regularly'spaced droplets. Power supply 17 supplies a single. 
large pulse of current on demand to driver 16. The current 
pulse enters conductive strip 44 of driver 16, a cross-section 
of which is shown in FIG. 4A. Opposing current forces are 
created as described above. This results in a large, single 
force that is re?ected by acoustic retaining ring 46 toward 
tuned ?uid chamber 57 as a pressure pulse. This pulse in turn 
causes a quantity of liquid to be moved through ?uid 
chamber 57 and to be expelled from ori?ce 22, which is 
coupled to tuned ?uid chamber 57. Surface tension on the 
liquid causes the liquid to assume a spherical shape (droplet) 
within a brief period after exiting ori?ce 22. 
Flow restricting ori?ce 56 positioned within delivery tube 

14 creates tuned ?uid chamber 57 between ori?ce 56 and 
exit ori?ce 22. Flow restricting ori?ce 56 prevents an 
excessive quantity of liquid to be ejected from tuned ?uid 
chamber 57 in a direction opposite to the desired direction 
(i.e., through ori?ce 22). The quantity of liquid ultimately 
expelled through ori?ce 22 may be predicted from the 
change in the volume of tuned ?uid chamber 57, internal 
diameter of ori?ces 22 and 56, and from the size of the 
current pulse applied from power supply 17 to driver 16. It 
is preferred that the volume of the ?uid chamber be such as 
to optimally convert mechanical force and energy into 
velocity and kinetic energy of the ejected droplet. 

It is also preferred that a heat source (not shown in FIG. 
4) be provided to maintain the contents of delivery tube 14 
in a heated state, as shown in FIG. 3. 
Electromechanical Direct-Coupled Excitation Continuous 
Mode 

FIG. 5 is a schematic representation of a continuous, 
electromechanical direct-coupled droplet generator 300 
using current-to-magnetic-material excitation according to 
the present invention. Driver 16 comprises electromagnetic 
coil yoke 48 (shown in cross section in FIG. 5), which may 
comprise a single coil, or a plurality of coils placed in 
symmetrical spacing about the circumference of delivery 
tube 14. Electromagnetic coil yoke 48 is preferably com 
prised of soft magnetic steel. Coil yoke 48 is gapped to 
receive armature 49. As shown in FIG. 5A, armature 49 may 
comprise, for example, tabs 49a of soft magnetic material 
coupled to the exterior of delivery tube 14. Another suitable 
embodiment for armature 49 is notched ring 49b (FIG. 5B) 
coupled to the exterior of delivery tube 14. It is preferred that 
the tabs or notches be symmetrical about the circumference 
of delivery tube 14. 
A current source (power supply 17) supplies pulsed 

current to current windings 47. Each pulse causes an elec 
tromagnetic effect whereby armature 49 will be drawn 
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radially outward toward electromagnetic coil yoke 48, in 
turn causing delivery tube 14 to bulge in the area proximate 
to armature 49. The bulging of delivery tube 14 causes the 
pressure and velocity of a liquid within that tube to change, 
inducing a capillary wave on the liquid jet stream. This in 
turn induces droplets to form on the liquid jet stream shortly 
after the jet exits ori?ce 22, as described above. For use with 
liquid metals and solders, it is preferred that droplet gen 
erator 300 be maintained in a suitably heated state. Toward 
that end, heater 18 may surround droplet generator 300. 
Other means of heating droplet generator 300 are mentioned 
above. 
Drop-on-Demand Mode 

FIG. 6 is a schematic representation of a drop-on~demand 
electromechanical direct-coupled droplet generator using 
current-to-magnetic-material excitation according to the 
present invention. Droplet generator 400 operates on the 
same basic principles as described for droplet generator 300 
of FIG. 5. However, single droplets are produced on demand 
instead of a continuous stream of regularly spaced droplets. 
Power supply 17 supplies a single, large pulse of current 

on demand to current windings 47 of driver 16. This causes 
electromagnetic coil yoke 48 to draw armature 49 radially 
outward, as described above, creating a single perturbation 
force on the liquid within tuned ?uid chamber 57. This force 
in turn causes a quantity of liquid to be moved through. ?uid 
chamber 57 and to be expelled from ori?ce 22, which is 
coupled to tuned ?uid chamber 57. Surface tension on the 
liquid will cause the liquid to assume a spherical shape 
(droplet) within a brief period after exiting ori?ce 22. 
Con?gurations for armature 49 may be as shown in FIGS. 
5A and 5B. 

Flow restricting ori?ce 56 positioned within delivery tube 
14 creates tuned ?uid chamber 57 between ori?ce 56 and 
exit ori?ce 22. Flow restricting ori?ce 56 prevents an 
excessive quantity of liquid to be ejected from tuned ?uid 
chamber 57 in a direction opposite to the desired direction 
(i.e., through ori?ce 22). 

It is also preferred that a heat source (not shown in FIG. 
6) be provided to maintain the contents of delivery tube 14 
in a heated state, as shown in FIG. 5. 
Magnetostriction Excitation Continuous Mode 

FIG. 7 is a schematic representation of a continuous, 
thermally-cooled droplet generator 500 using magnetostric 
tion excitation according to the present invention. Driver 16 
(shown in cross section) is coupled to liquid delivery tube 
14, and comprises insulator 62, which is an acoustically 
conducting and thermally insulating material, such as glass, 
ceramic, etc. Coupled to insulator 62 is metal conductor 43. 
A dimension-changing means (magnetostrictive cylinder 53) 
is sandwiched between metal conductors 43 and 54. Con 
ductor 54 also functions as an acoustically tuned backing 
ring in the manner described with reference to FIG. 3. 
Conductors 43 and 54 may comprise stainless steel, for 
example. 
As described in the Background portion of this speci? 

cation, magnetostrictive elements are sensitive to heat. 
Heater 18 is thermally coupled to delivery tube 14 to 
maintain the contents of the tube in a heated or molten 
(liquid) state. To avoid overheating the magnetostrictive 
element, however, heater 18 is preferably not in direct 
contact with driver 16. Additionally, according to the present 
invention, magnetostrictive cylinder 53 may be cooled by 
drawing heat away from magnetostrictive cylinder 53 
through conductors 43 and 54 to thermally electric tap ring 
61. Tap ring 61 in turn is coupled to heat conduit 50, which 
draws heat to thermal electric cooler 51, such as that 
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12 
manufactured by Marlow Industries of Dallas, Tex. The 
concept of thermal electric cooling is detailed in Direct 
Energy Conversion by Stanley August (1971) at pp. 153-57, 
the disclosure of which is herein incorporated by reference. 
Other suitable heat sinks may be accomplished by traditional 
methods known to those of skill in the art, including 
convective ?uids, heat pipes, evaporative heat transfer, and 
thermal electric refrigeration. 
To generate droplets, pulsed current is supplied from a 

power supply (not shown) to current inlet 59, which is 
coupled to backing ring 54 through electrical contact 58a. 
Current exits from conductor 43 through contact 58b to 
current outlet 60. This produces a magnetic ?eld along the 
circumferential axis of the delivery tube. On each current 
pulse, magnetostrictive cylinder 53 changes dimensions in 
response to the magnetic ?eld, causing a perturbation force 
to act through conductor 43 and insulator 62 (which is 
acoustically conducting) and on delivery tube 14. This force 
causes a disturbance on the liquid jet stream in the manner 
described above, breaking the jet stream into uniformly 
sized and uniformly-spaced droplets 26 shortly after the jet 
stream exits ori?ce 22. 
Drop-on-Demand Mode 

FIG. 8 is a schematic representation of a drop-on-demand 
thermally-cooled droplet generator 600 using magnetostric 
tion excitation according to the present invention. Driver 16 
of droplet generator 600 operates on the same basic prin 
ciples as described for droplet generator 500 of FIG. 7. 
However, single droplets 26 are produced on demand in 
response to a single, large pulse of current from power 
supply 17, instead of a continuous stream of regularly 
spaced droplets. 
Flow restricting ori?ce 56 positioned within delivery tube 

14 creates tuned ?uid chamber 57 between ori?ce 56 and 
exit ori?ce 22. Flow restricting ori?ce 56 prevents an 
excessive quantity of liquid to be ejected from tuned ?uid 
chamber 57 in a direction opposite to the desired direction 
(i.e., through ori?ce 22). 

It is also preferred that a heat source (not shown in FIG. 
8) be provided to maintain the contents of delivery tube 14 
in a heated state, as shown in FIG. 7. 
Magnetohydrodynamic Excitation 

FIG. 9 is a schematic representation of a continuous 
droplet generator 700 using magnetohydrodynamic excita 
tion according to the present invention for use with conduc 
tive liquids. Driver 16 is not coupled to delivery tube 14, but 
instead acts directly on the liquid jet stream that is expelled 
from ori?ce 22. Driver 16 comprises magnetic ?eld yoke 65 
which has spacings between arms 66. Arms 66 correspond 
to points of ?eld intensity maximums in the magnetic ?eld 
generated when current is applied from a power supply (not 
shown) to current windings 64. The current supplied may be 
DC or AC. 
The liquid jet stream passes from ori?ce 22 through air 

gap 63 in magnetic ?eld yoke 65. The periodic magnetic 
?eld acts upon the jet stream, producing perturbations of 
maximum strength on the surface of the jet stream corre 
sponding to ?eld intensity maximum points (focal points). 
These perturbations are ampli?ed by the jet physics causing 
the jet to break up into droplets of uniform size and uniform 
spacing when the jet velocity satis?es a synchronous con 
dition. A synchronous condition has been found to exist 
when the maximum spacing between points of maximum 
?eld intensity is approximately about 8.98 times the radius 
of the exit ori?ce. The spacing between droplets, in turn, 
may be predicted from the spacing of the magnetic focal 
points (i.e., from the spacing between arms 66) and the 
velocity of the liquid jet stream. 
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Piezoelectric Excitation Continuous Mode 
FIG. 10 is a schematic representation of a thermally 

cooled, continuous droplet generator 800 using piezoelectric 
excitation according to the present invention. Driver 16 
(shown in cross section) is coupled to liquid delivery tube 
14, and comprises insulator 62, which is an acoustically 
conducting and thermally insulating material, such as glass, 
ceramic, etc. Coupled to insulator 62 is metal conductor 43. 
A dimension-changing means (piezoelectric crystal 55) is 
sandwiched between metal conductors 43 and 54. Conductor 
54 also functions as an acoustically tuned backing ring in the 
manner described with reference to FIG. 3. 
Power supply 71 supplies pulsed voltage through connec 

tions 72 to conductors 43, 54 of driver 16. This voltage pulse 
is transmitted through the conductors to piezoelectric crystal 
55, which changes dimensions in response to the resulting 
electric ?eld. The change in dimensions produces a force, 
which is coupled through acoustical conductor 62 to deliv 
ery tube 14. This in turn results in a perturbation on the ?uid 
jet stream in delivery tube 14, causing the jet stream to break 
into uniformly‘sized and uniformly-spaced droplets shortly 
after exiting ori?ce 22. 

Heater 18 is used delivery tube 14 to maintain the contents 
of the tube in a heated or molten (liquid) state. To avoid 
overheating the piezoelectric crystal, however, heater 18 is 
preferably not in direct contact with driver 16. As described 
in connection with FIG. 7, piezoelectric crystal 55 may be 
cooled by drawing heat‘ away from piezoelectric crystal 55 
through conductors 43 and 54 to thermally electric tap ring 
61. Tap ring 61 in turn is coupled to heat conduit 50, which 
draws heat to thermal electric cooler 51. 
The thickness required of thermal insulator 62 in each 

embodiment using a piezoelectric crystal or magnetostric 
tive element (FIGS. 7, 8, 10, and 11) depends on its thermal 
e?iciency and the temperature difference between tube 14 
and heat exchanger 43, as well as allowable heat ?ux from 
tube 14 to piezoelectric crystal 55 or magnetostrictive ele 
ment 53 (allowable steady state heat ?ux being limited by 
the maximum operating temperature of piezoelectric crystal 
55 or magnetostrictive element 53 and the maximum steady 
state heat rejection from crystal 55 or element 53 to backing 
ring 54). Depending on the heat rejection capability of 
piezoelectric crystal 55 or magnetostrictiveelement 53 and 
the e?iciency of thermal insulator 62 or ?rst heat exchanger 
43, some embodiments of the invention may require only 
thermal insulator 62 or ?rst heat exchanger 43 alone, but not 
both. 
Drop-on-Demand Mode 

FIG. 11 is a schematic representation of a thermally 
cooled, drop-on-demand droplet generator 900 using piezo 
electric excitation according to the present invention. Drop 
let generator 900 operates on the same basic principles as 
described for droplet generator 800 of FIG. 10. However, 
single droplets are produced on demand instead of a con 
tinuous stream of regularly spaced droplets. Power supply 
71 supplies a single, large pulse of voltage through electrical 
connections 72 on demand to conductors 43, 54 of driver 16. 
This voltage pulse is transmitted through the conductors to 
piezoelectric crystal 55, which changes dimensions in 
response to the resulting electric ?eld. This in turn results in 
a large, single force that is re?ected by backing ring 54 
toward tuned ?uid chamber 57, causing a quantity of liquid 
to be moved through ?uid chamber 57 and to be expelled 
from ori?ce 22, which is coupled to tuned ?uid chamber 57. 
Surface tension on the liquid will cause the liquid to assume 
a spherical shape (droplet) within a brief period after exiting 
ori?ce 22. 
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Flow restricting ori?ce 56 positioned within delivery tube 

14 creates tuned ?uid chamber 57 between ori?ce 56 and 
exit ori?ce 22. Flow restricting ori?ce 56 prevents an 
excessive quantity of liquid to be ejected from tuned ?uid 
chamber 57 in a direction opposite to the desired direction 
(i.e., through ori?ce 22). 

It is also preferred that a heat source (not shown in FIG. 
11) be provided to maintain the contents of delivery tube 14 
in a heated state, as shown in FIG. 10. 
Applications 

Liquid droplet generators according to the present inven 
tion permit an ink-jet type deposition technique wherein 
drops of uniform size and controlled spacing may be pre 
cisely placed. This has advantages in a variety of applica 
tions. 
1) Soldering techniques: 
Using apparatus and methods according to the present 
invention permits solder to be printed after the printed 
circuit board has been fabricated. This provides a ?exibility 
in fabrication processes and sequencing that is not possible 
by currently known methods. Although board ?atness is 
critical in screen printing of solder paste, liquid-metal drop 
let systems according to the present invention are less 
sensitive to ?atness. A controlled quantity of solder allows 
an optimal amount of solder to be dispensed for each 
component with accuracy and predictability. In addition, 
different thicknesses of solder on the same circuit board may 
be deposited. By varying parameters such as the diameter of 
the ori?ce, metal droplets of varying sizes may be obtained 
in a controlled and predictable manner. An optimum solder 
amount may then be placed according to the physical 
demands of different-sized components. 
The uniformity of droplets formed by the apparatus and 

method of the present invention renders feasible deposition 
of solder on device pads for special packaging. Several new 
bonding processes require creation of a solder ball directly 
on the device pad. Examples include Flip Chip Bonding, ball 
grid arrays, bumps for Tape Automated Bonding (TAB), 
solder pads for ?ex circuit interconnects, etc. Flip Chip 
Bonding requires the creation of a solder ball directly on the 
integrated circuit (IC) bonding pad by solder plating fol 
lowed by re?ow to let surface tension create the spherical 
ball. Because the liquid-metal droplet systems according to 
the present invention dispense metal droplets of predictable 
and uniform size, ?ip chips may be bonded by dispensing 
solder droplets directly onto the device bond pads or onto the 
circuit board surface. 
2) Direct deposition of circuit patterns and devices: 
The accuracy and predictability of the device and method of 
the present invention will perrrrit circuit paths to be drawn 
remotely using direct deposition of silver, copper, gold or 
other suitable alloys or conductive epoxys onto circuit 
boards. Suitable intermediate material or some other inclu 
sion may be desired to improve adhesion or to modify 
material properties (such as dielectric constant or conduc 
tivity, etc.) in a predetermined manner. Passive devices such 
as resistors, inductors, capacitors and diodes may be directly 
deposited onto a circuit board using the apparatus and 
methods of the present invention with suitable combinations 
of materials. In addition, active devices such as transistors 
may be fabricated directly on the circuit board using the 
apparatus and methods of the present invention. Rapid 
prototyping and just-in-time manufacturing is thus feasible. 
3) Production of balls: 

Balls of various materials and of predictable and uniform 
dimensions may be produced for various applications, 
including: micro ball bearings; solder balls for ball grid 










